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1.0  INTRODUCTION 


The  development  of  a  ship  structural  design  procedure  which  Is  based  on 
probabilistic  methods  Includes  the  analysis  of  ship  structural  response  data 
Induced  by  various  load  sources.  These  loading  sources  Include  wave- Induced, 
dynamic  Impact  (slamming,  whipping),  still  water  bending  and  thermal 
effects.  Extensive  research  and  data  analysis  have  been  conducted  to 
determine  the  probabilistic  nature  of  wave- Induced  and  dynamic  Impact  loading 
and  response.  Several  studies  (1,  2,  3)*  have  Indicated  that  there  is  minimal 
data  available  to  determine  the  probabilistic  nature  of  still  water  bending 
moment  (SWBM)  loading  on  ship  structures.  A  research  program  has  been 
Initiated  by  the  Ship  Structure  Committee  to  obtain  full-scale  SWBM  data  to 
support  the  development  of  a  probabilistic  design  method. 

The  ship  structural  loading,  traditionally  called  SWBM,  has  been  defined 
as  the  sum  total  of  weight  and  buoyancy  of  the  ship  hull  in  calm  or  still 
water.  The  weight  component  of  the  SWBM  Is  composed  of  the  weights  of  the 
hull  structure,  machinery,  fuel,  ballast,  cargo,  crew  and  consumables  for  most 
ships.  Variations  In  SWBM  as  traditionally  defined  are  caused  primarily  by 
cargo,  ballast  and  fuel  distribution.  Full-scale  at-sea  instrumentation 
programs  conducted  In  the  late  1960's  Indicated  that  large  variations  In  hull 
loading  are  also  caused  by  variations  In  ballast  and  fuel  distributions  in 
normal  at-sea  operations.  While  the  cause  of  this  at-sea  variation  Is  the 
same  as  in  still  water  (except  that  there  are  normally  no  variations  in 
cargo),  the  loading  Is  no  longer  occurring  In  still  water.  Wave-induced 
bending  moments,  ship's  own  wave  train  bending  moment  and  thermal  effects 
typically  occur  simultaneously.  The  actual  SWBM,  therefore,  becomes  much  more 
elusive  In  definition  and  characterization  for  the  at-sea  conditions. 

The  objective  of  this  study  Is  to  develop  a  plan  to  obtain  In-service 
still  water  bending  moment  data.  The  program  should  obtain  data  to 
facilitate  the  calculation  of  SWBM  from  deadweight  loading  Information  and 
Instrumentation.  Data  would  be  acquired  while  In  port  during  ship  loadings 
and  at  sea  when  variations  in  cargo,  ballast  and  fuel  will  change  SWBM.  The 
data  would  be  obtained  to  eventually  characterize  the  SWBM  from  a 
probaballstlc  design  standpoint.  This  would  include  determining  how  the  SWBM 
data  varies  statistically  or  deterministically  throughout  a  ship's  life. 

2.0  BACKGROUND  AND  OVERVIEW  OF  PAST  STUDIES  INVOLVING  STILL  WATER  BENDING 


One  fundamental  Input  to  the  desired  rational  ship  structural  design 
method  Is  the  load  envelope  of  which  the  SWBM  Is  a  critical  component. 
Several  studies  have  proposed  methods  to  characterize  SWBM  statistically  and 
have  encountered  numerous  problems  associated  with  the  existing  SWBM  data  both 
calculated  and  measured.  This  section  presents  a  summary  of  these  studies 
and  limitations  of  past  SWBM  data  discovered  by  the  researchers. 


*  The  numbers  In  parentheses  Indicate  references  listed  at  the  end  of  the 
report. 


2.1  STATISTICAL  APPROACH  TO  CHARACTERIZATION  OF  SWBM 


m 


at 


The  work  presented  in  report  SSC-240  (1),  Load  Criteria  for  Ship 
Structures  Design,  was  an  attempt  to  develop  the  ultimate  load  criteria  for 
the  main  hull  girder  involving  the  following  bending  moments: 

(a)  Still  water  due  to  weight  and  buoyancy 

(b)  Ship's  own  wave  train 

(c)  Quasi-static  wave-induced,  vertical  and  lateral  combined 

(d)  Dynamic,  including  slamming,  whipping  and  springing 

(e)  Thermal  effects 

Determination  of  each  of  the  loads  was  reviewed  and  the  methods  of 
combining  loads,  all  expressed  in  probability  terms  (including  the  SWBM)  were 
considered  in  SSC-240.  Based  on  computations  using  actual  cargo  conditions 
and  data  from  the  loading  manuals,  histograms  of  SWBM  were  developed  for  the 
containership  NEW  ORLEANS,  the  tanker  ESSO  MALAYSIA  and  the  ore  carrier 
FOTINI  L.  These  are  shown  in  Figures  2-1,  2-2  and  2-3.  The  authors  (1) 
have  tentatively  concluded  that  for  containerships  a  single  distribution  curve 
for  still  water  bending  moments  may  be  established  during  design  for  a 
particular  service.  In  the  case  of  tankers  and  bulk  carriers,  two 
distribution  curves  are  usually  required,  one  for  loaded  and  one  for  ballast 
conditions. 

In  1975,  Ivanoc  and  Madjoarov  (4)  calculated  the  SWBM  from  cargo  plans  of 
eight  ships  over  seven  years  of  operation  for  fully  and  partially  loaded 
conditions.  The  results  of  their  calculations  for  the  ratio  of  SWBM  to  SWBty 
are  shown  in  Figure  2-4. 

Dalzell  reported  in  SSC-287  (2)  on  efforts  to  determine  the  character  of 
SWBM.  Unfortunately,  the  data  used  in  this  project  was  not  considered 
adequate  for  the  determination  of  the  SWBM  based  on  actual  operating 
experience  of  the  three  ships  considered. 

In  summary,  there  is  a  good  base  of  analytical  data  on  the  statistical 
character  of  SWBM,  but  the  data  is  not  of  sufficient  quantity  for  statistical 
analysis. 

2.2  PROBLEMS  ENCOUNTERED  IN  DETERMINING  SWBM  BY  PREVIOUS  INSTRUMENTATION 

PROGRAMS  AND  STUDIES 

There  are  numerous  full-scale  instrumentation  programs  which  have  been 
conducted  to  obtain  operational  stresses.  Several  ships  have  been 
Instrumented  with  hull  response  packages  for  various  government  and  private 
sectors.  These  ships  Include  the  HOOSIER  STATE,  WOLVERINE  STATE,  MORMACSAN, 
CALIFORNIA  BEAR,  BOSTON,  UNIVERSE  IRELAND,  NEW  ORLEANS  and  SL-7  SEA-LAND 
McLEAN.  In  many  cases,  measurement  of  midship  bending  stress  has  been  the 
primary  data  target;  and  In  some  cases,  measurements  have  been  made  at  other 
locations  of  special  Interest. 

The  difficulties  In  obtaining  a  probabilistic  distribution  of  still 
water  bending  stress  from  existing  data  have  been  documented  in  SSC-240  (1), 
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Figure  2-1  Histogram  of  Still  Water 
Bending  Moments, Container- 
ship  NEW  ORLEANS 
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Figure  2-2  Typical  Still  Water  Bending 
Moments,  Tanker  ESSO  MALAYSIA 
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Figure  2-3  Typical  Still  Water  Bending 

Moments,  Ore  Carrier  FOTINI  L. 
Each  box  represents  one  voyage 

(from  Reference  1) 
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SSC-287  (2),  and  reference  3.  These  problems  Include  limited  amounts  of  data 
associated  with  loading  conditions,  incomplete  measurement  of  full-scale 
stresses  and  data  processing  techniques. 

A  pilot  study  was  described  in  SSC-240  (1)  to  obtain  enough  actual  still 
water  bending  moments  for  the  contalnership  NEW  ORLEANS,  the  supertanker  ESSO 
MALAYSIA  and  the  bulk  ore  carrier  FOTINI  L  In  the  outbound  and  inbound  loading 
conditions  to  evaluate  their  statistical  distributions.  Including  mean  values 
and  standard  deviations  for  outbound  and  Inbound  voyages.  The  study 
indicated  that  in  many  cases,  especially  for  tankers  and  ore  carriers,  loading 
data  are  not  sufficiently  detailed  to  permit  accurate  assessment  of  bending 
moments.  The  total  amount  of  ballast  Is  usually  recorded,  but  its  actual 
distribution  Is  left  to  the  judgement  of  the  ship's  officers  who  were  not 
required  to  record  the  quantities  allocated  to  each  ballast  tank;  nor  were 
records  of  ballast  shifts  at  sea  during  tank  cleaning  operations  retained. 
Therefore,  significant  variations  In  still  water  bending  moment  may  actually 
occur  but  cannot  be  calculated  from  recorded  voyage  data. 

The  still  water  bending  moments  were  investigated  as  part  of  the  load 
criteria  development  study  presented  In  SSC-287  (2).  The  objectives  of  the 
study  were  similar  to  those  presented  in  SSC-240  with  additional 
Investigations  into  the  probabilistic  nature  of  the  still  water  bending 
stresses  on  the  contalnership  SL-7  SEA- LAND  FtLEAN,  the  tanker  UNIVERSE 
IRELAND  and  the  bulk  carrier  FOTINI  L. 

The  authors  (2)  concluded  that  they  did  not  have  the  data  required  to 
calculate  the  still  water  bending  moment  based  on  actual  operating  experience 
for  any  of  the  three  ships.  The  cited  difficulties  were  again  related  to 
inadequate  description  of  loading  distribution  of  cargo,  ballast  and 
consumables  for  each  of  the  study  ships.  The  authors  (2)  also  found  that 
where  data  on  loading  did  exist  it  was  costly  to  retrieve.  This  situation 
precluded  the  reconstruction  of  actual  experimental  load  conditions  and  the 
calculation  of  the  corresponding  still  water  bending  moments.  The  study  (2) 
discussed  several  qualitative  observations  obtained  from  the  reconstruction  of 
still  water  bending  stress  time  histories.  The  reconstructed  plots  of  still 
water  bending  stress  for  selected  voyages  are  shown  In  Figures  2-5,  2-6  and 
2-7  for  the  SL-7  SEA-LAND  McLEAN,  FOTINI  L  and  UNIVERSE  IRELAND, 
respectively.  It  was  pointed  out  In  SSC-287  (2)  that  the  variations  result 
from  a  number  of  sources  which  Include  changes  In  ballast,  consumables, 
thermal  effects  and  ship's  own  wave  train.  The  techniques  required  to 

separate  the  types  of  stresses  are  extremely  difficult  and  In  many  cases 
complete  separation  may  be  impossible.  SSC-240  (1)  and  SSC-287  (2)  present 
methods  for  separation  of  thermal  stresses  where  they  dominate,  but  the 
methods  are  admittedly  approximate  at  best. 

An  additional  and  very  significant  feature  depicted  In  Figures  2-5,  2-6 
and  2-7,  and  discussed  In  SSC-287  (2)  Is  the  zero  stress  at  the  start  of  each 
voyage.  The  data  recording  procedure  employed  for  the  majority  of  full-scale 
Instrumentation  programs  was  to  zero  the  Instrumentation  at  the  beginning  of 
each  voyage  to  avoid  signal  saturation.  The  plots  then  depicted  the  values  of 
mean  stress  relative  to  the  zero  at  the  start  of  each  voyage.  Thus  the 
Initial  mean  still  water  bending  stress  that  results  from  the  placement  of 


Ship:  SEA-LAND  McLEAN 

Trip:  25E  Route  North  Atlantic 
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Figure  2-5  Sl-7  -  Typical  Voyage  Variation  Of  The  Relative  Still  Water  Stresses 


Ship:  UNIVERSE  IRELAND 

Route:  Persian  Gulf  -  Western  Europe 

Date:  I2/2V69  -  1/23/70 

TMR  Tape  No:  7UI2-7R,  7UI3-7,  7UI3-7R 


KfSWl‘9Kn 


}0i-9'9N0V 


3tS*St'3  :01. 
jCS-St  S  >01  ' 


oo=ti  ti/itn\ 


00!l  69/OC/Z I 


oo-C  tvil/u 


00= It  69/9Z/ZI 


ME-tS'WOI 
00= It  C9/9Z/ZI 


I  I  I  I 

00:  Cl 


Of/Ct/l 


M/ft/ 1 


Of/lt/l 


Ot/Sl/I 


Of /BI/I 


Of/01 /I 


00:01  Of/C/I 

wti  ivn  Tin 


(iSax)  «»•■>$ 


2m 


WWVvw 


Figure  2-7  UNIVERSE  IRELAND  -  Typical  Voyage  Variation  Of  The  Relative  Still  Water 

Stresses 

(from  Reference  2) 


cargo  Is  not  Included  in  the  recorded  data  and  has  not  been  recorded  in  any 
manner  before  the  gauges  were  zeroed.  This  represents  the  major  shortcoming 
of  existing  data  for  determining  the  nature  of  still  water  bending  stresses. 
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Another  difficulty  in  reconstructing  a  complete  picture  of  still  water 
bending  stress  is  related  to  the  data  acquisition  techniques  employed  to 
acquire  ship  response  data  (including  stress)  for  the  majority  of  the  full- 
scale  Instrumentation  programs  that  have  been  conducted  for  SSC  In  the 
past.  For  practical  consideration,  full-scale  data  has  traditionally  been 
collected  In  sampling  patterns.  These  patterns  consist  of  recording  data  for 
30-minute  Intervals  typically  two  out  of  every  four  hours.  This  pattern  is 
depicted  for  SWBM  in  Figure  2-8  for  the  SL-7  SEA-LAND  M:LEAN  data  (9) 
Instrumentation  program.  This  technique  Is  employed  because  of  data 
acquisition  hardware  limitations.  It  would  not  be  practical  to  record  the 
stresses  on  a  continuous  basis  for  a  single  voyage,  let  alone  several  voyages, 
thus  some  data  acquisition  scheme  has  to  be  employed.  The  procedure  used  in 
reducing  data  to  obtain  still  water  bending  stress  includes  filtering  out  all 
high-frequency  wave- induced  stresses  that  may  result  from  whipping,  slamming, 
springing,  etc.,  and  then  calculating  the  mean  stress  from  the  average  of  the 
wave  Induced  cycles  for  each  30-minute  recording  interval.  As  previously 
indicated,  this  mean  stress  is  referenced  for  each  Interval  to  the  Initial 
zero  stress  at  the  beginning  of  each  voyage.  Thus,  the  mean  stresses  depicted 
in  Figures  2-5,  2-6  and  2-7  are  reconstructed  from  the  average  Interval 
Information.  In  short,  there  Is  no  such  thing  as  a  stress  time  history  for 
at-sea  SWBM-Induced  stress.  The  data  acquisition  procedure  obtains  the  mean 
stress  by  calculation  procedures.  This  situation  Is  further  complicated  by 
the  addition  of  thermal  effects  and  bending  stress  Induced  from  the  ship's  own 
wave  train. 

3.0  VARIATIONS  OF  SWBM  AND  DISCUSSION  OF  SOME  SHIP  TYPES  FOR  THE  STUDY 

The  variations  of  SWBM  In  port  and  at  sea  have  been  considered  In  the 
selection  of  ship  types  that  would  be  of  Interest  for  further  Investigation  of 
SWBM.  Other  considerations  related  to  ship  availability  also  played  a  role 
In  the  selection  of  candidate  ship  types.  These  considerations  Included  the 
operational  procedures,  future  modification  of  tankers  to  segregated  ballast 
capabilities,  and  owner  Interest.  In  this  section  recommendations  are 
presented  for  the  ship  types  of  Interest  for  characterization  of  SWBM  loading 
data. 

3.1  MEASURED  VARIATION  OF  SWBM  DURING  DOCKSIDE  LOADING  AND  AT  SEA  CONDITIONS 

Several  research  projects  have  reported  on  the  variations  of  SWBM.  The 
studies  of  Interest  here  Include  the  American  Bureau  of  Shipping  (ABS)  tanker 
Instrumentation  program  (sponsored  by  ABS)  (5)  and  the  SL-7  Instrumentation 
program  (6)  (sponsored  by  SSC,  ABS  and  Sea-Land). 

The  variation  In  bending  stress  Induced  by  variations  In  SWBM  that 
resulted  from  the  loading  of  cargo  for  the  UNIVERSE  IRELAND  (tanker)  and  the 
FOTINI  L  (bulk  carrier)  are  presented  in  Figures  3-1  and  3-2,  respectively. 
These  plots  depict  variations  In  longitudinal  vertical  bending  stress  as  a 
function  of  time  for  various  locations  along  the  ships.  The  general  trends  of 
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Varying  Mean  Stress  Obtained  on  the  SL-7 
IEA-LAND  McLEAN,  First  Half  of  Voyage  32W 


the  stress  changes  for  the  FOTINI  L  and  UNIVERSE  IRELAND  are  similar  for  each 
ship;  however,  the  differences  In  the  rates  of  change  are  surprisingly 
variable.  Based  on  the  design  specifications,  the  magnitude  of  the  loading 
stresses  Is  somewhat  higher  than  anticipated  for  the  UNIVERSE  IRELAND.  The 
maximum  permissible  bending  moment  at  midship  (2,356,440  ft-tons)  would  induce 
a  bending  stress  of  about  9,250  psl.  Loading  stresses  on  the  order  of  12,000 
to  14,000  psl  consistently  oca’*'  during  loading  and  unloading  and  at  locations 
distant  from  midship. 

The  stress  variation  patterns  differ  markedly  between  the  FOTINI  L  and 
the  UNIVERSE  IRELAND  as  would  be  expected  because  of  the  variations  In  loading 
sequence  and  character  of  the  particular  cargo. 

It  Is  also  Interesting  to  note  that  the  bulk  carrier  experiences  several 
cycles  of  significant  stress  variation  in  contrast  to  the  tanker  where 
essentially  one  significant  stress  cycle  occurs. 

Midship  stresses  are  presented  In  Figures  3-3  through  3-7  for  five 
different  vessels  from  a  departure  point  to  an  arrival  point.  The  plotted 
stresses  are  relative  (referenced  to  a  departure  when  the  gauges  were 
zeroed).  The  still  water  stress  conditions  were  estimated  for  the  fully 
loaded  departure  condition  and  presented  In  Table  3-1.  The  state  of  stress 
upon  departure  presented  In  Figures  3-3  through  3-7  represents  the  sum  total 
stress  experienced  by  the  vessels.  The  solid  dark  line  represents  the  average 
of  the  peak- to- trough  wave-induced  stress  which  Is  presumably  equivalent  to 
stresses  caused  by  shifts  In  ballast,  consumables  and  thermal  effects  as 
Indicated  In  Section  2.2.  The  vertical  spike  lines  represent  the  maximum 
peak-to-trough  wave  bending  stresses  for  a  given  recording  Interval.  The 
thermal  stress  variations  are  rather  substantial  for  certain  atmospheric 
conditions.  The  large  change  In  ballast  at  sea  Is  also  apparent  In  Figures 
3-3  through  3-7  as  are  the  shifts  from  the  consumption  of  fuel  and  other 
consumables. 

3.2  VARIATION  OF  SWBM  INDICATED  BY  LOADING  MANUALS 

In  addition  to  the  measured  data  It  was  felt  It  would  be  Instructive  to 
review  the  existing  trim  and  stability  books  for  recently  built  ship  types  to 
obtain  a  base  knowledge  of: 

1.  The  maximum  allowable  SWBM  In  which  the  ship  normally  operates. 

2.  The  variance  of  SWBM  throughout  the  voyage. 

An  example  of  the  influence  lines  approach  (7)  for  the  SL-7  class  of 
containershlps  Is  presented  In  Figure  3-8.  For  this  example,  the  moments  are 
estimated,  averaged  and  compared  to  an  allowable  SWBM-Induced  stress  through  a 
stress  numeral  as  shown  In  Figures  3-9  and  3-10.  The  same  system  Is  used  on 
the  SL-7s  to  control  the  SWBM  at  sea.  The  SWBM  Is  compared  to  an  allowable 
SWBM  through  the  stress  numeral.  For  the  $L-7s,  the  SWBM  Is  also  balanced 
against  a  stringent  GM  (transverse  metacentric  height)  requirement  and  trim 
1  Imitations. 
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Figure  3-3 

Midship  Vertical  Bending  Stress  Variations  Throughout 
First  Leg  of  Voyage  31  of  R.G.  FOLLIS 


Midship  Vertical  Bending  Stress  Variations  for  Loaded 
Condition  of  Voyage  3  of  F0TIN1  L 


Figure  3-5 

Midship  Vertical  Bending  Stress  Variations  for  Ballast 
Condition  nf  Voyage  14  of  IDEMITSU  MARU 


Figure  3-6 

Midship  Vertical  Bending  Stress  Variations  for  Loaded 
Condition  of  Voyage  10  of  UNIVERSE  IRELAND 


Midship  Vertical  Bending  Stress  Variations  for  Loaded 
Condition  of  Voyage  5  of  ESSO  MALAYSIA 
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Figure  3-8  (Cont.)  Loading  Manual  for  the 
SL-7  Clhss  of  Containerships 
Calculation  of  Moment  at  Sea 


Typical  loading  conditions  as  developed  for  loading  manuals  are  presented 
in  Tables  3-2  through  3-5  (2)  for  the  SL-7  SEA-LAND  McLEAN  (containership) , 
FOTINI  L  (dry-bulk  carrier)  and  the  UNIVERSE  IRELAND  (tanker).  The  manual 
method  for  calculation  of  the  SWBM  as  indicated  In  the  samples  for  loading 
manuals  are  similar.  The  loaded  cargo  moments  are  summed,  averaged  and  added 
to  light  ship  bending  moments.  The  total  SWBM  Is  then  compared  to  a  maximum 
allowable  SWBM  or  SWBM-Induced  stress,  depending  on  the  preference  of  those 
preparing  the  manuals.  For  the  SL-7  SEA-LAND  McLEAN,  the  SWBM-Induced  stress 
is  compared  to  the  allowable  stress  through  a  numeral  which  Is  actually  a 
percent  of  the  allowable  stress. 

The  loading  manual  for  the  LNG  FRANCE  DUNKERQUE  (8)  contains  plots  of 
typical  loading  conditions,  weight,  buoyancy  and  bending  moment  as  a  function 
of  ship  length  as  shown  in  Figures  3-11  and  3-12.  Loading  schemes  2  and  3 
presented  different  bending  moment  curves  caused  by  the  addition  of  1000  tons 
of  ballast  located  in  a  forward  tank.  The  result  Is  a  large  longitudinal 
shift  (approximately  100  meters)  In  the  location  of  maximum  SWBM. 

It  should  be  noted  that  In  each  manual  method  for  estimating  SWBM 
presented  here  the  bending  moment  amidships  Is  the  only  moment  predicted. 
Unless  the  original  calculations  considered  all  possible  loading  conditions 
and  the  magnitude  of  bending  moment  (BM)  along  the  length  of  the  vessel.  It 
would  be  possible  to  be  within  the  limits  of  midship  SWBM,  but  to  exceed  SWBM 
limits  elsewhere. 

Similarly,  any  instrumented  (strain  gauge)  system  would  have  to  utilize  a 
series  of  strain  gauges  at  predetermined  critical  points  to  accurately  portray 
the  maximum  SWBM. 


3.3  RECOMMENDATION  OF  SHIP  TYPES  TO  BE  INCLUDED  FOR  STATISTICAL 
CHARACTERIZATION  OF  SWBM 


The  ship  types  included  In  the  previous  studies  would  provide  impetus  for 
continuation  of  SWBM  research  on  similar  ship  types.  Other  considerations, 
however,  should  Influence  the  selection  of  ship  types  for  further  study. 
These  include  recent  Inputs  from  discussions  with  ship  owners  and  operators. 

Discussions  with  ship  owners  and  operators  Indicated  that  tankers  are 
experiencing  large  variations  In  SWBM  from  current  segregated  ballast 
requirements  imposed  by  International  Maritime  Organization  ( IMO) 
regulations.  Additional  Information  was  received  Indicating  that  older  U.S. 
tankers  may  operate  at  very  high  SWBM  due  to  reconfiguration  to  clean  ballast 
tankers  to  meet  the  IMO  regulations.  The  IMO  and  SWBM  requirements  limit 
cargo  deadweight  In  many  Instances  which  could  be  especially  significant  for 
older,  modified  tankers.  This  deadweight  restriction  could  provide  additional 
Incentive  for  ship  owners  and  operators  to  become  Involved  In  the  SWBM  project 
when  Implementation  Is  scheduled. 


(Reference  2) 
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Loading  Scheme  2  for  the  LNG  FRANCE  DUNKERQUE 
(Reference  8) 


Loading  Scheme  3  for  the  LNG  FRANCE  DUNKERQUE 
(Reference  8  ) 


As  a  result  of  the  Investigation  of  SWBM  variations  and  Interviews  with 
ship  owners  and  operators,  the  following  list  of  ship  types  has  been  drawn  up 
with  a  descending  priority  of  the  types  to  be  Included  In  the  study: 

1.  Tankers 

2.  Bulk  carriers  (Including  Great  Lakes  vessels) 

3.  Barge  carriers 

4.  Container  ships 

5.  LNG,  LPG  and  chemical  carriers 

6.  General  cargo  ships 

7.  Heavy  lift  ships 

8.  Car  carriers,  passenger  ships  and  ferries 

Based  on  our  investigation,  at  least  the  first  five  ship  types  In  this 
listing  should  be  considered  active  candidates  for  this  study.  The  ordering 
priority,  however,  may  change  as  ship  availability  becomes  firm  upon 
implementation  of  the  SWBM  test  plan. 

4.0  EVALUATION  OF  VARIOUS  METHODS  OF  DETERMINING  SWBM 

We  have  determined  that  there  are  three  methods  of  obtaining  SWBM  data, 
as  follows: 

1.  Manual  calculation  records 

2.  Loading  computer  records 

3.  Instrumentation 

In  the  following  sections  we  will  describe  the  advantages,  disadvantages 
and  costs  of  each  of  these  methods. 

4.1  ESTIMATION  OF  SWBM  USING  MANUAL  CALCULATIONS 

We  have  already  shown  some  of  the  various  presentations  of  the  manual 
methods  used  for  determining  SWBM.  To  reinforce  a  previous  point  It  again 
must  be  remembered  that  most  manual  methods  give  SWBM  at  one  point,  that  being 
amidships. 

The  manual  calculation  procedures  used  for  loading  ships  are  based  on  the 
summation  of  moments  from  cargo,  ballast,  fuel  and  consumables.  The  calculated 
bending  moments  for  some  types  of  ships  In  their  loading  manuals  are  compared 
to  a  maximum  allowable  SWBM.  Other  loading  manuals  continue  with  the 
estimates  of  bending  moment  based  on  the  "influence  lines"  approach.  Accuracy 
of  the  results  Is  good  so  long  as  the  Influence  of  trim  on  the  buoyancy 
distribution  Is  accounted  for  in  the  graphical  data  furnished  In  graphical 
form. 

We  feel  the  use  of  manual  forms  filled  out  by  the  ship's  crew  to  gather 
SWBM  loads  data  will  not  be  satisfactory  because: 

1.  While  calculations  of  SWBM  will  be  obtained,  with  the  manual 
methods,  no  thermal  or  "other"  effects  of  non-dynamic  bending  moment 
variations  will  be  apparent.  We  feel  It  Is  possible  that  thermal 


effects  and  "other"  effects  combined  would  be  the  same  order  of 
magnitude  as  SWBM  variations  due  to  load  changes.  To  not  measure 
the  "other"  effects  would  contribute  to  the  uncertainties  involved 
in  statistical  analysis  of  SWBM  data. 

2.  Manual  systems  are  not  consistent  from  ship  to  ship,  nor  is  the 
application  or  interpretation  by  individual  crews.  Inaccuracies, 
and  in  some  cases  data  bias,  would  be  prevelant. 

3.  The  human  element  in  reading  tank  levels,  drafts,  etc.  is  inherent 
in  all  methods;  however,  in  the  manual  method  there  is  no  means  of 
checking  these  errors  as  there  is  in  the  instrumented  and  loading 
computer  alternatives. 

4.  Transposition  of  data  in  manual  system  from  log  to  log  and  data 
reduction  are  not  as  efficient  as  instrumented  and  digital  data 
acquisition  and  reduction  methods. 

5.  There  is  no  accurate  manual  method  of  assessing  continuous  changes 
in  SWBM  during  the  voyage. 

The  cost  estimate  in  1982  dollars  for  obtaining  SWBM  from  manual  means  is 
summarized  below. 


1.  Formulate  the  format  of  the  program,  prepare  forms  $  15,000 

2.  Contact  ship  operating  companies, instruct  crews, 

standardize  loading  manuals  and  distribute  forms  $  25,000 

3.  Receive  forms  from  5  ships  for  5  years,  tabulate  data 

and  reduce  to  digital  form  $100,000 

4.  Analyze  digitized  data  $  30,000 

TOTAL  $170,000 


4.2.  ESTIMATION  OF  SWBM  USING  LOADING  C0W>UTERS 

Many  of  today's  vessels  are  equipped  with  loading  computers  of  either  the 
analog  or  digital  type.  During  initial  interviews  for  this  study.  Bureau 
Veritas  indicated  that  loading  computers  will  soon  be  required  on  all  newly 
built  tankers  of  a  certain  size  and  that  eventually  loading  computers  will  be 
required  to  be  fitted  to  all  tankers  regardless  of  age.  We  expect  this  trend 
to  continue  as  the  economic  and  environmental  consequences  of  improperly 
loaded  vessels  become  intolerable.  Regulatory  bodies  were  interviewed  and 
supported  the  use  of  loading  computers  and  all  indicated  that  mandatory 
requirements  for  loading  computers  are  being  considered. 

As  the  cost  and  complexity  of  the  shipboard  loading  computers  decreases 
and  crew  sizes  get  smaller,  the  usefulness  of  such  equipment  can  only  be 
enhanced. 


Several  manufacturers  of  loading  computers  contacted  gave  an  Indication 
of  current  acceptance  of  these  computers  even  without  regulation  requiring 
their  use.  Additionally,  many  software  loading  programs  have  been  provided  to 
shipping  companies  whose  vessels  have  on  board  computers  for  other  purposes 
such  as  payrol 1 . 

One  of  the  prime  advantages  of  a  loading  computer  Is  that  an  Infinite 
number  of  conditions  can  be  Investigated  with  relative  ease  before  loading  the 
vessel,  therefore  providing  the  officer  with  a  truly  optimal  condition. 
The  ease  of  use  of  the  loading  computer  as  opposed  to  the  manual  system 
actually  encourages  ships'  officers  to  enter  corrected  data  to  obtain  the 
"actual"  condition,  much  the  same  as  the  manager  who  has  to  ask  his  secretary 
to  make  changes  to  text  with  a  manual  typewriter  as  opposed  to  a  word 
processor. 

In  reviewing  the  operating  practices  of  various  ships.  It  has  been  our 
experience  that  manual  pre-stow  calculations  may  take  place,  but  In  most  cases 
the  actual  loading  will  vary  from  the  pre-stow.  Often  with  the  press  of 
ship's  business  the  final  check  on  stowage,  draft  and  stress  Is  not  made  until 
the  ship  has  departed.  In  order  to  attain  proper  trim  for  restricted  channel 
depths,  remedial  ballast  may  have  to  be  placed  such  that  the  projected  SWBM  Is 
materially  changed.  Depending  on  the  crew's  perception  of  the  difference  In 
SWBM  In  a  manual  system,  the  recorded  final  departure  value  may  be  the  pre- 
stow  estimate.  On  the  other  hand,  the  relative  ease  with  which  a  loading 
computer  can  be  changed  makes  it  reasonable  to  assume  that  the  departure 
condition  will  actually  be  computed.  A  typical  loading  computer  Is  shown  In 
Figure  4-1.  Each  type  of  Instrument  has  Input  dials  and  BM  Indicators  on  a 
backdrop  of  the  given  ship  type. 

We  feel  these  units  are  well  suited  to  shipboard  application  as  they  are 
visual  In  display,  usually  against  a  background  "mimic”  arrangement  of  the 
ship  and  they  can  be  easily  used  by  personnel  with  little  training.  A  good 
feature  of  some  loading  computers  Is  the  deadweight  meter  and  draft  meter 
check.  Any  mlsdlaled  entry  or  misread  data  should  be  picked  up  when  the 
manually  totaled  deadweight  or  draft  and  meter  reading  do  not  match. 

The  major  disadvantage  of  the  loading  computers  is  that  the  conditions 
evaluated  can  only  be  preserved  by  copying  input  data  and  output  data  from  the 
unit  on  to  some  sort  of  form  once  the  condition  Is  satisfactory.  The 
usefulness  of  this  type  of  computer  would  be  enhanced  if  It  were  able  to  print 
out  the  data  on  command.  Alternatively,  a  picture  of  the  satisfactory  computer 
condition  could  be  taken  to  preserve  the  condition. 

A  less  expensive  alternative  to  the  loading  computer  is  a  small  desk  top 
computer  tied  to  a  cathode  ray  tube  (CRT)  upon  which  various  loading 
conditions  can  be  analyzed.  This  type  of  computer  requires  some  training  for 
proper  entry  of  data  and  Interpretation  of  results.  In  addition,  the  data 
display  Is  tabular  and  thus  may  not  be  as  meaningful  to  the  ship's  officer  as 
the  "mimic"  display. 

Regardless  of  the  actual  hardware  used  It  is  the  opinion  of  the  authors 
that  consistency  and  accuracy  will  be  significantly  enhanced  If  loading 
computers  are  used. 
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The  estimated  cost  In  1982  dollars  of  obtaining  SWBM  Information  from 
loading  computers  existing  on  selected  ships  would  be: 

1.  Organization  of  program,  develop  forms  and  Instructions  #  $  10,000 

2.  Contact  5  companies  and  Instruct  crews,  distribute  forms  $  15,000 

3.  Receive  forms  from  5  ships  for  5  years,  reduce  data  to 

tabular  form  and  digitize  $100,000 

4.  Analyze  digitized  data  $  30,000 

TOTAL  $155,000 


If  SWBM  calculator  has  to  be  purchased,  the  desk  top  unit  costs  about 
$15,000  and  the  loading  computer  about  $25,000. 

4.3  ESTIMATION  OF  SWBM  USING  INSTRUMENTATION 

Instrumentation  Is  designed  to  record  all  changes  In  strain  after  the 
gauges  are  Installed.  The  record  of  strain  prior  to  the  Installation  of 
gauges  due  to  built  In,  residual  or  light  ship  stresses  Is  not  known.  A 
determination  must  be  made  of  the  bending  stress  Induced  by  the  light  ship  and 
cargo  distribution  existing  In  the  structure  at  the  time  the  gauges  are 
energized.  After  the  gauges  are  attached  the  Instrimentatlon  will  respond  to 
all  changes  In  stress  regardless  of  whether  or  not  the  data  acquisition 
equipment  Is  recording. 

The  Instrumentation  records  all  stresses  Induced  from  sources  of  loading, 
typically: 

a)  Cargo  loading 

b)  Ballast  shifts 

c)  Fuel  and  water  consumption 

d)  Ship  wave  train 

e)  Thermal  effects 

f)  Wave-Induced  at  wave  encounter  frequency 

g)  Wave- Induced  high  frequency  loading  occurlng  near  the  hull's 
first  natural  mode  of  vibration. 

These  loading  sources  produce  a  combined  stress  time  history  depicted  In 
Figure  3-5.  With  all  loads  combined  as  would  be  In  a  measured  and  recorded 
strain,  some  scheme  must  be  employed  to  separate  the  SWBM-Induced  strain  from 
all  other  strain  components.  To  this  end,  strain  and  temperature  Information 
should  be  obtained  to  determine  SWBM  from  measured  data. 

4.3.1  Strain  Measurements  and  Types  of  Instrumentation  with  Suitable 


Alternatives 

Traditionally  strain  gauges  have  been  used  to  obtain  strain  Information 
from  the  response  of  ship  hull  structures.  However,  strain  gauges  have 
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1  Imitations  In  obtaining  accurate  SW8M  data  both  in  port  and  at  sea  throughout 
the  Instrumented  period.  These  primary  limitations  of  strain  gauges  used  to 
acquire  SW8M  information  Include  gauge  drift  over  long  durations,  and 
separation  of  the  SWBM  from  dynamic  strains  such  as  those  Induced  by  the 
encounter  of  waves.  An  Integrated  data  acquisition  system  would  have  to  be 
designed  to  minimize  these  limitations. 

Several  other  types  of  Instrumentation  were  examined  for  applicability  of 
obtaining  SWBM  Information.  These  Include  vibrating,  "singing,"  wire 

technnology.  Each  type  of  Instrument  responds  to  the  strain  occurring  In  the 
ship's  structure  but  each  has  limitations  of  Its  own. 

There  are  several  trade-off  considerations  Involved  In  selection  of  a 
gauge  to  obtain  SWBM  data.  The  strain  gauges  have  drift  characteristics  that 
are  of  the  order  of  magnitude,  and  In  some  Instances,  the  frequency,  of  the 
changes  In  SWBM.  Vibrating  wire  strain  gauges  exhibit  very  stable  zero 
characteristics;  however,  they  reach  their  maximum  sample  frequencies  at  the 
frequencies  of  whipping  and  springing- type  occurrences. 

Electronic  strain  gauges  are  notorious  for  their  Instability  and 
tendencies  to  drift  back  toward  the  original  gauge  zero  at  various  rates.  In 
many  Instances  the  strain  gauge  drift  may  be  on  the  order  of  magnitude  of  SWBM 
Induced  strains.  Techniques  have  been  developed  (9)  to  compensate  for  the 
gauge  drift.  These  Include  modifying  the  gauges  themselves  and  developing 
correction  techniques  that  would  be  employed  during  data  analysis.  The  types 
of  modifications  to  the  electronic  strain  gauges  Include  proper  adhesive 
selection,  post  temperature  curing  and  cycling  the  gauge  prior  to 
Installation.  The  electronic  strain  gauge  drift  may  also  be  compensated  for 
by  reversing  polarity  of  the  electrical  Input  and  developing  relationships 
between  drift  and  frequency  of  drift  to  be  applied  to  the  measured  strain. 

These  techniques  for  electronic  strain  gauge  drift  compensation  are 
approximate  at  best  and  may  yield  unreliable  data  when  the  dynamic  environment 
encountered  by  ships  In  service  Is  considered. 

Vibrating  wire  technology  has  been  developed  and  applied  to  measurement 
of  quasi-static  variations  In  strain.  The  vibrating  wire  drift  Is  negligible 
relative  to  the  magnitude  of  strain  being  measured.  The  vibrating  wire 
consists  basically  of  a  wire  that  Is  "plucked"  and  vibrates  at  very  high 
frequencies  (approximately  1000  times/sample).  The  variations  In  vibration 
frequencies  may  be  calibrated  to  determine  levels  of  strain  experienced  by  the 
tensioned  wire. 

The  vibrating  wire  gauge  produces  a  digital  sample.  The  vibrating  wire 
strain  gauges  have  a  sampling  frequency  ranging  from  10  Hz  to  .1  Hz.  The 
high-frequency  end  Is  just  barely  high  enough  to  obtain  Information  at  the 
highest  frequency  to  which  the  gauges  are  responding  (l.e.,  whipping  and 
springing).  With  either  the  strain  gauge  or  vibrating  wire  gauge  the  higher 
frequency  wave-induced  loads  would  be  separated  from  the  SWBM  as  would  other 
low-frequency  effects  by  arithmetic  averaging  of  the  wave- Induced  cycles. 
The  remainder  of  strains  would  be  those  Induced  by  SWBM,  thermal  effects, 
ship's  wave  train  effects  and  non-linearities  discussed  previously. 


The  averaging  techniques  employed  to  separate  the  wave- Induced  loads  from 
other  effects  must  balance  the  errors  associated  with  the  slower  sampling 
frequencies.  These  averaging  and  sampling  techniques  are  presented  by  Bendat 
(10,11)  and  must  be  employed  for  the  particular  gauges  selected. 

In  summary,  the  vibrating  wire  technology  produces  a  more  stable  zero 
drift  condition  than  the  electronic  strain  gauges.  Instrumentation 

manufact irers  have  Indicated  that  the  vibration  wire  gauges  are  approximately 
ten  time;  more  reliable  than  the  best  electronic  strain  gauge.  The  vibrating 
wire  strain  gauges  are  thus  recommended  for  obtaining  measured  SWBM  data. 

4.3.2  Temperature  Measurements  and  Compensations 

Although  the  strain  gauges  are  compensated  for  thermal -induced  gauge 
effects,  they  still  respond  to  thermal -Induced  strains  on  the  deck  plating. 
Therefore,  some  means  must  be  applied  that  would  allow  the  separation  of  the 
thermal -induced  stress  from  SWBM- induced  stress.  The  temperature  of  the  air 
and  water  will  be  recorded  as  part  of  the  logbook  data.  The  temperature 
measurements  should  be  obtained  at  the  locations  where  stress  is  inferred  from 
strain  measurements  and  at  the  same  sampling  frequency  as  the  other 
measurements.  The  temperature  information  would  be  merged  with  the 
information  on  the  final  magnetic  tape  for  data  analysis.  The  anticipated 
temperature  ranges  of  the  steel  deck  would  be  between  30°F  to  150°F,  depending 
on  deck  color  and  amounts  of  shading.  Some  extremes  could  be  expected 
outside  of  this  range. 

The  analysis  of  temperature  data  as  noted  above  can  only  be  used,  in  our 
opinion,  to  Infer  some  sort  of  thermal  stress.  To  be  completely  rigorous,  it 
would  be  necessary  to  instrument  the  ship  universally  with  perhaps  200  thermal 
gauges  and  to  then  analyze  the  entire  hull  girder  with  a  detailed  structural 
model  such  as  a  finite- element  analysis. 

4.3.3  Data  Reduction  and  Analysis  Required  to  Infer  SWBM  from  Measured  Strain 
Data 

In  order  to  show  the  difficulty  of  providing  an  instrumentation  package 
that  would  provide  SWBM  information,  the  following  tabular  format  has  been 
prepared  and  presented  in  Table  4-1. 

The  data  analysis  and  reduction  procedures  indicated  in  Table  4-1 
illustrate  the  effort  required  to  properly  segregate  SWBM  from  other  effects 
and  to  provide  a  validation  comparison  of  that  data,  a  great  deal  of 
engineering  will  have  to  be  accomplished  before  and  during  such  an 
instrumentation  program.  After  SWBM  is  Inferred  from  measured  strain  by 
rigorous  methods,  there  is  no  guarantee  or  verification  that  the  end  result  is 
In  fact  SWBM. 

From  a  technical  standpoint.  It  is  Important  to  note  the  estimated  range 
of  stress  variance  in  each  step  and  to  balance  these  variances  against  known 
variances  (gauge  drift,  thermal  effects,  etc.)  in  instrumentation. 
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It  Is  for  this  reason  we  feel  It  would  be  more  practical  to  design  a 
system  that  would  measure  SWBM,  thermal  and  ship  wave  train  strains  (low* 
frequency  strains  from  Table  4-1,  Item  2)  and  compare  them  to  calculated  SWBM 
data  from  a  shipboard  loading  computer.  In  this  manner  the  "differences"  in 
calculated  and  measured  data  should  account  for: 

1.  Gross  thermal  effects 

2.  Ship  wave  train  effects 

3.  Any  other  low-frequency  effects. 

This  option  is  pursued  in  greater  detail  as  the  recommended  system  to 
obtain  SWBM  data  and  is  presented  in  Section  5.0. 

4.3.4  Cost  Estimate  for  Inferring  SWBM  from  Measured  Data 

The  cost  for  conducting  an  instrumentation  program  to  obtain  data  to 
infer  SWBM  has  been  estimated  in  terms  of  1982  dollars  to  be: 


1.  Organize  and  develop  the  program  $  35,000 

2.  Purchase  hardware  ($60,000  per  ship)  $300,000* 

3.  Installation  and  operation  of  system  (including 

data  reduction  for  5  ships  for  5  years)  $170,000 

4.  Analyze  digitized  measured  strain  data  $  80,000 


TOTAL  $585,000 


*  The  total  cost  of  the  instrumentation  program  could  be  reduced 
substantially  if  the  hardware  is  available  to  the  Instrumentation 
group. 

4.4  SUMMARY  OF  VARIOUS  ALTERNATIVES  TO  OBTAIN  SWBM 

The  various  alternatives  and  costs  for  obtaining  SWBM  data  have  been 
described  In  the  previous  sections  along  with  discussion  of  advantages  and 
disadvantages.  An  estimated  cost  of  each  alternative  has  been  Included  to 
further  Illustrate  the  differences  between  the  various  methods  to  obtain  SWBM. 

The  high  cost  of  the  manual  method  for  obtaining  SWBM  reflects  the  added 
documentation  required  to  minimize  the  Inaccuracies  Inherent  In  the  data 
acquisition.  In  our  opinion,  although  additional  money  and  effort  can 
minimize  the  Inaccuracies,  they  do  not  totally  alleviate  the  disadvantages  of 
the  method. 

A  better  method  Is  to  perform  the  same  collection  and  analysis  of 
shipboard  loading  computer  data  for  reasons  of  consistency  and  accuracy. 

It  should  be  remembered  that  the  manual  and  calculation  systems  rely  on 
the  ship  or  shipping  company  sending  out  forms  after  the  Initial  training 
session  and  the  ship  and  shipping  company  returning  these  forms.  There  are 
no  costs  Included  In  the  estimates  of  4.1  and  4.2  for  any  visits  to  any  ships 
other  than  the  Initial  training  trip  with  one  crew. 


Similarly,  the  Instrumentation  system  Is  assumed  to  be  unmanned  and 
employs  a  trained  ships  officer(s)  to  operate  the  equipment.  No  costs  have 
been  Included  In  the  estimate  under  4.3  for  visits  to  the  shlp(s)  other  than 
the  Initial  set  up  and  Indoctrination  trip. 

Each  of  the  alternatives  presented  has  such  limitations  that  we  do  not 
propose  any  one  system  but  a  combination  of  Instrumentation  (4.3)  and  loading 
computer  (4.2)  as  will  be  described  In  the  next  section. 


5.0  RECOMMENDED  SYSTEM  TO  OBTAIN  SWBM  DATA  (REQUIREMENTS  AND  SPECIFICATIONS) 

Of  the  alternatives  discussed  In  Section  4.0,  none  individually  fulfill 
the  objectives  and  requirements  of  obtaining  SWBM  data  for  statistical 
characterization  of  lifetime  variations.  The  recommended  system  that  would 
best  fulfill  the  objectives  and  requirements  for  the  SWBM  plan  would  be  a 
combination  of  alternatives  discussed  in  Sections  4.2  and  4.3.  A  combination 
or  variation  of  the  SWBM  calculation  equipment  and  a  greatly  reduced 
Instrumentation  program  are  recommended  to  obtain  the  appropriate  data  to 
characterize  SWBM.  Calculation  equipment  would  provide  the  best  information 
for  determination  of  statistical  variations  in  SWBM  and  an  instrumentation 
system  that  provides  supporting  data  would  allow  comparisons  between 
calculated  data  and  measured  data. 


5.1  DEFINITION  OF  THE  DATA  ACQUISITION  SYSTEM 

A  schematic  of  the  proposed  system  to  obtain  SWBM  data  is  depicted  in 
Figure  5-1.  The  schematic  presents  the  relationship  of  the  data  processing 
system. 

A  summary  of  the  recommended  instrumentation  system  components  to  be 
Installed  on  the  selected  ships  Is  presented  In  Table  5-1  along  with  the 
purpose  of  the  Instrumentation  as  It  relates  to  the  ship  of  interest.  The 
data  acquisition  system  consists  basically  of  SWBM  calculation  equipment,  CRT, 
data  recording  and  reduction  equipment  and  vibrating  wire  strain  gauges. 
This  summary  Includes  a  description  of  the  instrumentation,  its  purpose  and 
Its  Interaction  with  the  ship. 

The  SWBM  Information  would  be  inferred  from  the  "strain  data"  measured  at 
various  locations  along  the  length  of  the  ship  to  provide  Information  that 
will  enable  those  Involved  in  data  analysis  to  determine  the  longitudinal 
distribution  of  SWBM  and  the  approximate  location  of  maximum  SWBM  relative  to 
the  ship's  longitudinal  axis.  These  locations  will  generally  be  in  the 
midships  0.4  L  of  the  main  hull  girder  and  forward  of  the  engine  room  for 
ships  which  have  the  engine  room  located  aft.  Variations  in  the  location  of 
the  gauges  will  depend  on  ship  type;  however,  an  example  of  the  gauging 
locations  for  a  bulk  carrier  Is  depicted  In  Figure  5-2.  Note  that  to  provide 
direct  comparison  the  strain  gauges  in  Figure  5-2  are  located  at  the  same 
points  that  are  calculated  on  the  loading  computer. 


Acquisition  Scheme  to  Obtain  SWBM 
Both  In  Port  and  At  Sea 


characteristics.  The  gauges  would  be  located  cabling  extends  from  the  Instrumentation  to 
both  port  and  starboard  along  the  length  of  recording  equipment  (see  Figure  5-2). 

the  ship's  deck  to  Infer  longitudinal  vertical 
SWBM  from  the  measured  strain. 


Schematic  for  Instrumentation  Layout 


5.1.1  Equipment  Required  to  Calculate  SWBM  Data 
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In  many  ships,  loading  calculators  are  already  used  to  control  SWBM  as 
discussed  In  Section  4.2.  If  such  calculation  equipment  Is  available  for 
use,  the  output  SWBM  obtained  for  each  sample  may  be  entered  through  the  CRT 
and  combined  with  the  measured  data  on  the  final  magnetic  tape  used  for  data 
analyses. 

The  calculation  equipment  (loading  calculator  or  equivalent  computer) 
would  be  used  to  calculate  the  SWBM  from  the  weight  and  buoyancy  distribution 
of  the  cargo,  ballast,  consumables,  lightship  and  ship  hull  respectively,  and 
then  entered  In  the  recording  equipment  through  a  CRT.  The  system  should 
also  Include  the  hardware  and  software  to  record  and  reduce  the  measured 
strain  and  temperature  data. 

The  SWBM  calculation  equipment  Is  to  be  configured  to  obtain  SWBM 
Information  at  locations  on  the  ship.  There  are  numerous  hardware  and 

systems  currently  available  commercially  that  are  able  to  calculate  SWBM. 
They  Include  desk  top  computers,  both  analog  and  digital  versions.  Since 
digital  equipment  will  be  available  for  the  instrumentation  system  it  could  be 
modified  to  perform  the  calculation  of  SWBM  to  augment  the  measured  data. 
Commercial  software  Is  available  that  could  be  used  with  this  equipment  to 
determine  SWBM. 

The  SWBM  calculation  Instrumentation  should  be  located  near  ship  loading 
and  capacity  Instrumentation  so  that  the  instrumentation  operator  will  be  able 
to  monitor  all  changes  In  the  ship  loading  such  as  shifts  in  ballast,  cargo 
(tankers)  and  fuel  at  sea,  and  during  the  loading  of  the  ship  in  port.  The 
loading  Information  must  be  obtained  and  input  into  the  SWBM  calculation 
equipment  faithfully  since  related  errors  would  be  cumulative. 

The  calculated  SWBM  would  be  recorded  by  the  main  computer  via  a  CRT  and 
keyboard. 

The  output  calculations  of  SWBM  from  the  loading  and  ship  information 
would  be  obtained  for  the  same  or  a  multiple  of  the  intervals  that 
SWBM-induced  stress  is  sampled,  reduced  and  recorded.  If  no  changes  occur  to 
SWBM  during  the  sampling  period,  the  calculated  SWBM  would  be  stored  as  a 
constant  until  a  change  to  the  calculated  SWBM  was  made  and  input  via  the  CRT 
and  keyboard.  As  discussed  In  the  data  reduction  Section  5.2,  a  final  tape 
should  be  produced  that  would  contain  header  information,  logbook  information, 
measured  SWBM  and  calculated  SWBM. 

The  calculated  SWBM  data  should  be  accompanied  by  identification 
Information  merged  with  the  required  logbook  Information  so  that  each  tape 
presents  a  complete  history.  The  input  loading  distribution  information 
should  also  be  summarized  and  stored  on  the  magnetic  tape  for  future  data 
analysis  and  collation. 

As  discussed  in  Sections  2.0  and  3.0,  the  statistical  characteristics  of 
the  SWBM  data  In  many  instances,  are  Influenced  by  the  methods  used  to 
control  SWBM.  The  limits  placed  on  SWBM  by  regulatory  bodies  tend  to  truncate 
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statistical  distributions  as  restrictions  are  warranted  for  various  types  of 
ships  (tanker,  container,  LNG,  etc).  Generally  ships  equipped  with  loading 
manuals  or  SWBM  calculators  indicate  that  the  given  ship  may  have  a  SWBM 
restriction.  The  ships  selected  for  this  study  may  have  SWBM  calculators  on 
board  that  affect  SWBM  ranges.  Consideration  should  also  be  given  to 
placement  of  the  calculation  equipment  and  instrumentation  on  ships  that  have 
no  predetermined  restrictions  so  that  the  calculation  equipment  does  not 
produce  an  artificial  statistical  bias  to  SWBM  data  which  would  otherwise  be 
unrestricted. 


5.1.2  Instrumentation  for  Data  Processing  and  Recording 

The  SWBM  data  acquisition  system  will  serve  a  dual  purpose,  namely 
recording  calculated  SWBM  information  and  recording  the  measured  data.  The 
data  acquisition  system  would  include  signal  conditioning  and  data  recording 
equipment.  The  data  recording  equipment  would  also  contain  the  software 
capable  of  accepting  calculated  SWBM  and  logbook  data. 

The  data  acquisition  system  measures  the  digital  parameters  from  the 
vibrating  wire  strain  gauges  and  includes  amplifiers  where  necessary. 

Various  types  of  equipment  and  methods  for  recording  data  are  presently 
available  commercially. 

The  historic  scheme  is  to  use  an  FM  tape  recorder  to  periodically 
calibrate  and  record  an  interval  of  data  (typically  20  minutes  long)  preceded 
by  calibrations  and  analyze  the  tape  after  it  has  been  removed  from  the 
ship.  This  system  is  generally  used  to  obtain  large  amounts  of  data  (10  to 
100  channels).  While  this  scheme  records  the  complete  analog  record,  it  is 
somewhat  cumbersome  in  space  and  labor  required. 

If  the  desired  parameter  (e.g.,  mean  strain,  root  mean  square  (RMS) 
level,  number  of  peaks,  histogram)  can  be  defined  in  advance,  equipment  exists 
for  reducing  the  data.  Such  equipment  need  only  be  interrogated  occasionally 
to  remove  the  data  from  memory.  These  devices  are  compact  and  are  generally 
limited  in  number  of  channels  of  data,  typically  1-3. 

The  most  common  type  of  data  recording  system  employed  for  data 
acquisition  is  the  digital  computer.  Analog  signals  from  sensors  are 
converted  to  digital  signals  and  recorded  as  on  the  computer  in  time  series 
format.  Generally  the  number  of  channels  of  recorded  digital  data  ranges 
from  5  to  15  per  recorder. 

Digital  computers  are  recommended  for  recording  the  calculated  and 
measured  data.  A  computer  with  a  mass  storage  subsystem,  disk  drive  and 
read/write  electronic  module  can  be  obtained  commercially.  These  units 
should  be  adaptable  for  shipboard  applications  provided  they  are  mounted  in  an 
air  conditioned  environment. 


5.1.3  Instrumentation  to  Obtain  Measured  Strain  Data 


Because  of  the  difficulties  associated  with  determining  SWBM  from 
measured  strain,  a  reduced  Instrumentation  system  Is  recommended  that  would 
facilitate  comparisons  between  calculated  SWBM  and  the  quasi-static  (induced 
from  thermal  effects,  SWBM,  etc.)  BM  Inferred  from  measured  strain.  The 
purpose  of  measuring  the  quasi -static  BM- Induced  strain  is  to  be  able  to 
relate  the  measured  data  to  calculated  data,  infer  the  relative  difference 
between  them  and  not  to  obtain  absolute  SWBM  from  the  measured  data.  As 
discussed  in  Section  4.3,  it  becomes  extremely  difficult  to  separate 
SWBM-Induced  strain  from  other  strains  with  any  level  of  confidence. 

5. 1.3.1  Description  of  the  Instrumentation 

To  this  end  we  recommend  an  instrumentation  system  which  Includes 
vibrating  wire  strain  gauges  along  the  length  of  the  ship  to  obtain 
longitudinal  vertical  bending- induced  strains  as  described  in  Section  4.3. 
Bending  moment  data  may  then  be  Inferred  from  the  strain  data  during  the  data 
reduction  and  analysis  phases. 

The  Instrumentation  output  will  be  processed,  recorded  and  reduced  by  the 
digital  computer  that  is  used  to  record  the  calculated  SWBM  (for  locations 
along  the  ship's  length).  This  system  is  shown  in  Figure  5-1.  The  measured 
data  should  be  merged  with  the  logbook  information  and  calculated  SWBM.  The 
basic  considerations  for  the  Instrumentation  discussed  in  Section  4.3  apply 
here  only  if  the  system  does  not  Include  temperature  Information  measured 
along  the  length  of  the  ship. 

The  number  of  data  channels  for  the  digital  vibrating  wire  strain  gauges 
would  equal  the  number  of  gauges  used.  The  example  of  gauge  locations 
presented  for  the  bulk  carrier  shown  in  Figure  5-1  has  seven  port  and 
starboard  pairs  of  gauges.  The  total  number  of  data  charnels  for  this 
example  would  be  14.  Longitudinal  vertical  bending  may  be  obtained  from  each 
of  the  port  and  starboard  pair  of  gauges  by  averaging  the  data  channels  from 
each  after  the  data  is  acquired.  Considerations  for  the  selection  of  strain 
gauge  and  their  operation  are  discussed  In  Section  4.3  and  apply  to  the  system 
recommended  here. 

5. 1.3. 2  Instrumentation  Installation 

The  equipment  required  to  obtain  SWBM  data  should  be  Installed  by  the 
instrumentation  group  with  the  cooperation  of  the  ship  operators  on  a  schedule 
that  would  not  Interfere  significantly  with  the  ship's  operation.  The 
Installation  of  recording  equipment  may  be  accomplished  at  almost  any  time 
prior  to  the  data  acquisition.  However,  the  strain  gauges  should  be 
Installed  on  the  ship  for  a  condition  where  the  loading  condition  of  the  ship 
Is  known.  This  Includes  the  estimation  of  light  ship  weight  and  all  dead 
weight  aboard,  along  with  an  estimation  of  the  weight  location.  This  could 
be  accomplished  for  a  new  ship  before  trials.  After  ships  are  In  service, 
the  gauge  Installation  may  be  scheduled  around  a  drydocking  or.  If  not 
otherwise  practical,  for  a  departure  condition  where  loading  conditions  are 
known.  The  purpose  of  Installing  the  gauges  when  the  loading  condition  of 


the  ship  Is  known  Is  to  be  able  to  estimate  the  magnitude  of  SWBM  or  base 
condition  as  seen  by  the  stress/straln  gauges.  All  SWBM  stress  measurements 
would  be  referenced  to  this  Initial  condition.  The  objective  Is  to  measure 
longitudinal  vertical  bending  stress  Induced  by  changes  In  SWBM.  Generally, 
the  Instrumentation  should  be  placed  to  assure  measurement  of  the  gross 
representative  bending  stress.  In  each  case,  the  substructures  should  be 
studied  to  make  certain  that  the  transducers  are  not  located  near  complex 
configurations  such  as  cutouts  In  the  longitudinal  girders.  The  presence  of 
lateral  girders  or  bulkheads  In  the  vicinity  of  the  transducers  does  Influence 
the  lateral  strains  locally  but  does  not  have  any  measurable  effect  on  the 
accuracy  of  the  longitudinal  stress  or  strain  measurements. 

5. 1.3. 3  Instrumentation  System  Calibration 

It  Is  usual  to  calibrate  an  overall  Instrumentation  Installation  In  order 
to  perform  an  overall  system  check  and  calibrate  Instrumentation  variances. 
To  provide  a  comparison  between  measured  and  calculated  bending  stresses  at 
deck  gauge  locations,  the  hull  Is  cycled  from  a  large  hogging  stress  to  a 
large  sagging  stress  and  back  to  zero. 

Two  major  problems  are  associated  with  this  event:  keeping  the  ship  In  a 
constant  environment  (l.e.,  a  cloudy,  even  temperature  night)  and  getting 
enough  load  changes  (l.e.,  by  ballast  or  cargo  placement).  Major  sources  of 
error  arise  from  Insufficient  loading  or  masking  by  environmental  changes. 

Although  the  proposed  procedure  to  obtain  SWBM  Includes  measurement  and 
calculation  of  stress,  the  base  calibration  should  be  performed  under 
conditions  which  will  minimize  thermal  stresses.  The  Ideal  situation  Is  an 
overcast,  windless  night  occurring  after  a  similar  day.  The  calibration 
should  be  performed  In  the  shortest  time  possible;  however,  for  the  SWBM 
study  this  calibration  experiment  should  not  be  conducted  hastily.  Partial 
funding  should  be  considered  to  reimburse  the  ship  owner  for  having  the  ship 
out  of  service  and  hopefully  minimize  the  temptation  to  rush  through  the 
calibration  experiment. 

The  SWBM  calculation  equipment  Installed  on  the  ship  will  facilitate  the 
calibration.  Calculations  of  the  loading  conditions  and  resulting  SWBM  may 
be  obtained  and  plotted  as  the  experiment  Is  conducted. 

The  Information  obtained  during  the  calibration  experiment  should 
Include: 

1.  Condition  of  all  cargo,  ballast  and  fuel  tanks 

2.  Drafts  forward,  amldshlp  (both  sides)  and  aft 

3.  Average  stress  at  each  location 

4.  Deck  temperature  at  each  location 

5.  Air  and  water  temperature,  wind  velocity  and  direction,  weather 
conditions 

If  time  and  funds  permit,  consideration  should  also  be  given  to 
conducting  a  calibration  of  stress  gauges  to  aid  In  separation  of  thermal 
effects.  Data  should  be  obtained  during  several  days  of  calm  water  sailing 
with  various  percentages  of  cloud  cover  and  sun  to  get  as  many  conditions  of 
cloud  cover  and  sun  as  possible. 
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5.1.4  Pertinent  Measurements  to  Support  SWBM  Information  for  Collation 
Purposes 

The  designated  watch  officer  will  enter  the  logbook  Information  into  the 
Instrumentation  recording  system  dally.  The  logbook  data  should  be  combined 
with  the  other  measured  and  calculated  data  as  Indicated  In  Figure  5-1.  It 
should  be  Input  by  means  of  the  CRT  and  appear  on  the  final  magnetic  tape. 
The  logbook  Information  Is  necessary  for  analysis  of  factors  which  influence 
SWBM  data.  The  typical  Information  available  as  logbook  data  is  Indicated  In 
Table  5-2. 

5.1.5  Data  Acquisition  System  Operation 

The  Instrumentation  Installed  on  the  ships  to  obtain  SWBM  information 
should  be  operated  and  maintained  by  an  Instrumentation  group.  This 
Instrumentation  should  Involve  only  the  SWBM  measurement  Instrumentation.  The 
SWBM  calculation  Instrumentation  may  have  to  be  operated  and  maintained  by  the 
ship's  crew  if  It  Is  existing,  or  even  If  put  on  board  for  the  purpose  of  this 
study  the  owner  still  may  wish  It  maintained  by  someone  other  than  the 
Instrumentation  group. 

The  duration  and  frequency  of  the  instrumentation  system  operation  are 
discussed  In  the  following  sections  along  with  the  manning  requirements.  For 
optimum  performance  the  systems  should  be  manned  by  qualified  trained 
personnel  to  ensure  data  acquisition  Is  working  properly  and  to  properly  enter 
data  from  the  SWBM  computer.  It  Is  also  desirable  to  have  trained  personnel 
to  record  the  logbook  Information  as  data  logging  and  header  information  and 
to  annotate  the  data. 

There  are  two  alternatives  In  manning: 

1.  Place  a  representative  of  the  Instrumentation  company  on  board  who  Is 
familiar  with  the  operation  of  all  sensors  and  conditioning  and 
recording  equipment.  It  should  be  remembered  that  unlike  wave 
bending  moment  programs,  SWBM  occurs  all  year  long  and  thus  a  manned 
effort  will  Involve  a  full  year  of  ship  riding  per  year. 

2.  Train  a  radio  operator  and/or  deck  officer  in  the  operation  of  all 
conditioning  and  recording  equipment  without  making  him  responsible 
for  sensor  maintenance  or  repair.  This  trained  member  of  the  crew 
should  be  capable  of  troubleshooting  and  repairing  conditioning  and 
recording  equipment.  Because  present  crew  working  rules  require  they 
work  one-half  of  the  year,  two  personnel  for  each  position  will  have 
to  be  trained. 

Of  the  two  alternatives  we  prefer  number  2  for  the  following  reasons: 

a.  It  has  been  difficult  to  obtain  instrumentation  personnel  to  ride 
ships  for  long  periods  of  time  and  the  frequent  travel  for  rotations 
adds  to  the  overall  cost. 


-48- 


TABLE  5-2 


List  of  Typical  Logbook  Information 


Ship 

Voyage 

From 

To 

Date  of  Departure 

Date  of  Arrival 

Date  of  Log  Entry  (M,  D,  Y) 

Time  (GMT) 

Noon  Position  a)  Latitude 
b)  Longitude 

Course 

Average  Ship  Speed 
Average  Engine  RPM 
Relative  Wind  Speed 
Relative  Wind  Direction 
Beaufort  Sea  State  Number 
Barometer  Reading 
Sea  Temperature 
Air  Temperature 
Weather 
Comments 
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b.  Ship  crews  have  Improved  technically  In  recent  years  with  the 
addition  of  machinery  automation  and  computer-aided  radar  plotters. 

c.  The  SWBM  program  Is  not  as  demanding  In  terms  of  data  recorded  as 
previous  programs,  thus  It  may  be  tedious  to  a  shoreslde 
Instrumentation  specialist  while  at  the  same  time  small  enough  to  be 
worked  Into  the  crew's  normal  schedule. 

d.  There  would  be  a  definite  asset  In  having  crew  participate  and 
company  support  such  a  program. 

e.  On  a  total  cost  basis.  If  the  ship  owner  would  support  some  of  the 
crew  overtime,  the  cost  should  be  less.  It  would  be  easier  and  more 
practical  for  a  ship  owner  to  support  his  own  crew  overtime  than  the 
cost  of  an  outside  third  party. 

5. 1.5.1  Data  Sampling  Procedures 

The  SWBM  stress,  temperature  and  calculated  data  should  be  obtained  on  a 
simultaneous  sampling  pattern  for  both  in  port  and  at  sea. 

Statistical  considerations  dictate  that  data  should  be  obtained  about 
every  four  hours  at  sea.  This  will  vary  for  the  different  ship  types 
considered  as  part  of  this  study. 

A  minimum  of  one  sample  every  four  hours  Is  required  to  define  thermal 
effects  which  occur  In  a  24-hour  cycle.  Some  container  ships  (SL-7  SEA- 
LAND  McLEAN,  for  example)  consume  "large  amounts  of  fuel  and  thus  change 
ballast  every  watch  and  an  Increase^  sampling  pattern  Is  required  to  define 
the  changes  in  SWBM,  say  once  every  two  hours.  Tankers  on  the  other  hand,  do 
not  exhibit  frequent  changes  In  SWBM  (as  indicated  In  Figure  3-5)  and  thermal 
effects  are  the  dominant  frequency.  For  tankers  It  might  be  possible  to 
sample  once  per  day  at  midnight  or  whenever  any  ballast  or  cargo  changes  are 
made. 

The  In-port  sampling  period  would  also  vary  from  ship  type  to  ship 
type.  As  discussed  In  Section  3.0,  bulk  carriers  exhibit  more  frequent 
fluctuations  than  tankers  during  loading  and  unloading  cargo.  Again,  one 
sample  every  two  hours  would  be  adequate  to  define  the  SWBM  during  loading  of 
cargo  with  variations  warranted  as  special  cases  arise.  In  line  with 
recommendations  In  manning.  If  the  loading/unloading  operation  conflicts  with 
ship's  crew  data  taking,  the  Instrumentation  representation  could  take  data 
during  loading/unloading. 

Typical  data  acquisition  cycles  and  sampling  patterns  are  presented  In 
Table  5-3. 

The  actual  data  sample  should  be  at  least  a  half  an  hour  for  most  types 
of  ships  If  filtering  and  averaging  techniques  are  used  to  separate  SWBM  and 
wave- Induced  stresses. 
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TABLE  5-3 

SWBM  Data  Acquisition  Cycle  Measurements  and  Calculations 


Tanker 


Bulk  Carrier 


General  Cargo  24  hr 


Typical 
Duration 
of  Ship 
Loading 

Sampl Ing 
Pattern 
In-Port 
Loading 

Sampl 1 ng 
Pattern 

At  Sea 

Sampl Ing 
Pattern 

In- port 
Unloading 

Typical 
Duration 
of  Ship 
Unloadln 

12-24  hr 

2  hr 

4  hr 

2  hr 

24  hr 

24  hrs 
Lakes 
<  8  hr 

2  hr 

4  hr 

2  hr 

24  hr 

8-12  hr 

2  hr 

2  hr 

2  hr 

8-12  hr 

24  hr 

4  hr 

4  hr 

4  hr 

24  hr 

.1 


5. 1.5. 2  Extent  and  Duration  of  Tests  Required  to  Obtain  SWBM  Data  Which  Is 
Statistically  Representative 

The  methods  for  determining  the  general  duration  of  tests  Include 
comparing  with  previous  samples,  conducting  pilot  studies  and/or  using  sample 
size  estimators.  The  sample  size  estimates  for  predicting  the  extent  of  data 
required  to  be  statistically  meaningful  are  presented  In  references  12,  13  and 
14.  These  methods  Include  factors  related  to  tolerance  and  confidence  limits 
of  data  and  are  based  on  the  variance  estimated  from  a  previous  data 
sample.  Although  the  methods  are  approximations  they  Indicate  the  sample 
size  that  would  provide  a  level  of  confidence  In  extrapolated  data. 

Estimates  of  sample  size  for  SWBM  data  were  obtained  using  limited 
amounts  of  SWBM- Induced  stress  data  presented  In  references  2  and  3  for  the 
SL-7  SEA- LAND  McLEAN,  UNIVERSE  IRELAND  and  FOTINI  L.  Based  on  these  samples 
of  data  (voyages  and  seasons),  the  sample  size  estimators  Indicated  that  as 
many  as  five  years  (20  voyages/season/  2  seasons/year  sampling  once  every  four 
hours)  would  be  required  to  produce  an  adequate  statistical  sample  assuming 
that  the  SWBM  data  will  be  within  10%  of  the  correct  figure  with  a  95% 
assurance.  These  five  years  should  Include  both  winter  and  summer  operations 
since  loading  and  ballasting  procedures  may  vary  for  each. 


The  statistical  estimators  tend  to  be  conservative  In  estimating  the 
appropriate  sample  sizes  required  to  produce  meaningful  data.  The  best  way 
to  Insure  that  the  data  Is  statistically  sound  Is  to  reduce  the  SWBM  data  as 
It  Is  obtained,  and  analyze  the  reduced  data,  preferably  after  each  voyage  but 
most  definitely  after  each  season.  The  preliminary  data  analysis  between 
voyages  need  not  be  as  extensive  as  analyzing  all  the  data  before  the  ship 
begins  a  new  season;  however,  statistical  tests  and  distribution  fitting 
conducted  on  the  data  after  It  Is  recorded  and  reduced  Insures  that  adequate 
data  Is  obtained  and  an  evaluation  of  the  data  sample  (based  on  statistical 
tolerance  and  confidence  limits)  may  be  assessed  continuously.  The  extent 
and  duration  of  the  SWBM  program  may  then  be  evaluated  and  determined  as  soon 
as  an  adequate  amount  of  data  has  been  obtained. 

5.2  DATA  REDUCTION  FOR  SWBM 

The  objective  of  the  data  reduction  phase  of  the  SWBM  program  Is  to 
produce  an  Industry  standard  magnetic  tape(s)  that  has  header  Information, 
logbook  data,  reduced  measured  SWBM  stress  and  calculated  SWBM  for  the 
sampling  patterns  for  both  In  port  and  at  sea.  This  tape  should  be  ready  for 
data  analysis  as  soon  as  It  reaches  the  facility  that  will  analyze  the  data. 

Immediately  after  a  complete  sample  of  all  data  Is  recorded  by  the 
recording  equipment,  the  data  should  be  reduced  and  merged  with  the 
appropriate  header  Information  (sample  Identification)  and  logbook  data. 
This  would  be  conducted  by  looping  the  data  back  through  the  computer  after  It 
Is  acquired  and  having  the  appropriate  software  reduce  the  data  for  each 
recorded  sample.  The  Information  for  each  reduced  20-minute  data  sample  both 
In  port  and  at  sea  should  Include: 
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1.  Sample  identification  information 

2.  Logbook  data 

3.  Measured  SWBM-induced  strain  at  the  specified  locations  along  the 

length  of  the  selected  ships 

a .  Average  SWBM 

b.  Maximum  SWBM 

c.  Minimum  SWBM 

4.  Calculated  SWBM  for  all  locations  along  the  length  of  the  ship 


Discussions  with  outside  researchers  and  the  American  Bureau  of  Shipping 
indicate  that  digitized  data  are  most  desirable  because  they  are  easier  to 
work  with.  Some  researchers,  however,  indicated  that  they  would  not  feel 
comfortable  with  digitized  data  that  had  not  been  reviewed  in  its  analog  form 
by  a  qualified  individual  and  some  even  Indicated  that  for  "unusual"  data  they 
would  prefer  to  have  a  copy  of  the  analog  trace. 

Our  recommendation  is  to  have  voyage  data  reviewed  in  its  analog  form  on 
board  the  vessel  at  the  start  of  the  Instrumentation  program  by  a 
representative  of  the  Instrumentation  contractor.  During  this  early  review 
"unusual"  data  would  be  found  and  system  corrected  to  ensure  the  system  is 
working  before  large  amounts  of  data  are  acquired  later  in  the  program. 
After  the  Initial  system  check  out,  the  data  collected  for  each  sampling 
Interval  should  be  reviewed  In  digital  form  channel  by  channel  to  look  for 
spurious  points  In  the  data  and  other  data  inconsl stand es  before  it  is  looped 
back  through  the  system  for  data  reduction. 

5.3  DATA  ANALYSIS  AND  PRESENTATION 

The  objective  of  this  study  is  to  characterize  the  SWBM  data  in  a 
probabilistic  sense.  Those  Involved  in  examination  of  past  data  (1,2,3) 
suggest  that  the  variations  of  SWBM  at  sea  should  be  approached 
probabilistically  and  In  some  Instances  deterministically  as  related  to  a 
design  procedure.  The  statistical  approach  to  characterization  of  SWBM 
involves  the  development  of  long-term  distributions  that  may  be  combined  with 
bending  moment  from  other  sources  to  form  a  lifetime  hull  girder  load  criteria 
for  given  ship  types.  The  authors  of  SSC  240  (1)  have  Indicated  that  at-sea 
SWBM  data  may  follow  the  normal  statistical  distribution.  However,  separate 
distributions  were  developed  to  full  load  and  ballast  conditions  for  ships 
(l.e.  tankers)  which  have  large  differences  between  full  load  and  ballast 
conditions  since  the  wave  response  may  be  affected  by  loading  conditions 
(slamming,  etc.).  The  authors  of  SSC  287  (2)  stated  that  their  objectives 
were  to  examine  SWBM  data  and  determine  if  SWBM  lends  itself  to  complete  or 
practical  probabilistic  description,  or  if  it  should  be  approached 
deterministically.  SWBM-induced  stress  data  was  examined  for  the  SL-7 
SEA-LAND  McLEAN,  FOTINI  L  and  UNIVERSE  IRELAND.  The  authors  concluded  that 
there  were  Indications  that  the  SWBM  tended  toward  normal  distributions. 
They  also  observed  that  the  SL-7  SEA-LAND  McLEAN  incurred  low  variations  of 
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SWBM  Induced  stresses  during  the  voyages  as  a  result  of  the  extensive  shore- 
side  control  and  detailed  Instructions  provided  to  the  master.  The  extreme 
hogging  condition  Induced  by  loading  containers  at  the  ends  of  the  fine  ships 
and  loading  restrictions  on  GM  due  to  stability  considerations  necessitated 
these  controls.  The  authors  of  SSC  287  recommended  that  a  statistical 
estimate  of  the  SWBM  for  design  could  be  made  from  a  truncated  statistical 
distribution  or  even  analyzed  deterministically. 

The  data  reduction  would  be  oriented  toward  determining  how  the  SWBM 
varies  statistically  or  deterministically  both  In  port  and  at  sea.  The 
measured  and  calculated  data  would  first  be  compared  to  each  other  In  an 
effort  to  account  for  differences  statistically  as  shown  In  Table  5-4. 

The  comparison  should  be  conducted  between  measured  strain  (Including 
SWBM,  thermal  effects,  ships  wave  train,  and  other  effects)  and  calculated 
SWBM.  In  this  manner  the  "differences'1  In  calculated  and  measured  data 
should  be  accounted  for. 

If  statistical  analysis  of  all  data  showed  this  difference  to  be 
statistically  acceptable,  It  could  then  be  inferred  that  the  analytical 
calculation  of  SWBM  combined  with  proper  distribution  of  this  difference  could 
provide  a  reasonable  estimate  of  the  low  frequency  strains. 

The  SWBM  data  (measured  and  calculated)  would  then  be  analyzed  to 
determine  statistical  distributions  for  various  days,  voyages,  seasons,  etc. 
and  collated  with  operational  Information  to  note  trends  or  factors  which 
might  bias  the  data  (re:  ship  type,  weather,  operators,  cargo  type,  etc.). 
Plots  of  SWBM  would  be  generated  similar  to  those  shown  In  Sections  2  and  3 
for  both  measured  and  calculated  SWBM  for  each  voyage  In  port  and  at  sea. 

It  Is  suggested  that  the  addition  of  loading  computers  and 
Instrumentation  will  contribute  to  data  bias  If  ship  masters  alter  operational 
procedures  such  as  more  rigorous  analysis  of  loading  distributions  while 
loading  on  cargo.  The  question  of  data  bias  will  need  to  be  addressed  during 
data  analysis  If  not  quantltlvely  by  trends  In  data  as  the  master  and  crew 
become  familiar  with  the  SWBM  system,  then  subjectively  by  Interviews  with  the 
ship's  masters  and  crew.  Instruction  of  Instrumentation  operation  should  be 
directed  toward  faml lari zing  the  master's  crew  so  that  they  accept  the  system 
as  part  of  normal  functions  In  ship  operations. 

The  SWBM  data  analysis  should  include  the  selection  of  the  most 
appropriate  distribution  In  given  circumstances  using  normality  tests. 
Chi-squared  tests  and  confidence  levels  determined  for  statistical 
distributions  for  the  various  voyages  (In  port,  at  sea.  Inbound,  outbound), 
seasons  and  total  data  sample. 

5.4  COST  FOR  COMBINED  CALCULATION  4  INSTRUMENTATION  PLAN  TO  OBTAIN  SWBM  DATA 

The  cost  In  1980  dollars  for  the  recommended  plan  to  obtain  SWBM 
Information  from  calculated  and  measured  data  has  been  estimated  to  be: 


1.  Organization  of  the  program  and  development  $  45,000 

2.  Purchase  hardware  ($60,000  per  ship)  $300,000* 

3.  Installation  and  operation  of  the  system  (Including 

data  reduction  for  5  ships  for  5  years)  $150,000 

4.  Analyze  digitized  measured  strain  and  calculated 

data  $  55,000 

TOTAL  $550,000 


*  Assumes  loading  computer  Is  Installed  on  the  ship  prior  to  program 
initiation.  If  a  loading  computer  or  calculator  has  to  be  purchased, 
the  desk  top  unit  costs  about  $15,000  and  a  loading  computer  about 
$25,000. 

5.5  PLAN  IMPLEMENTATION 

The  Ship  Structure  Committee  (SSC),  a  naval  architecture  firm,  an 
instrumentation  group  and  the  ship  operator(s)  would  be  the  primary 
participants  In  the  program.  The  Ship  Structure  Committee  would  be 

responsible  for  monitoring  the  project  and  providing  technical  guidance  which 
would  be  provided  by  an  advisory  committee.  The  relative  level  of  effort 
anticipated  for  each  participant  Is  presented  in  Table  5-5. 

An  RFP  would  be  Issued  which  references  this  report.  We  feel  this  report 
provides  a  common  basis  for  starting  the  project.  The  RFP  would  solicit  team 
responses,  each  team  consisting  of  a  naval  architecture  firm,  an 
instrumentation  firm  and  ship  operators.  No  partial  responses  for  the  RFP 
should  be  allowed  as  SSC  should  not  be  required  to  integrate  and  manage 
various  entities.  A  written  commitment  from  the  ship  owner(s)  should  be 
required.  The  recommended  list  of  ship  types  for  instrumentation  to  obtain 
SWBM  data  Is  presented  in  Section  3.3. 

The  responses  to  the  RFP  should  Include  the  contractor's  proposed 
approach  for: 

1)  Designing  and  developing  an  Instrumentation  system  that  would  be 
installed  on  the  shlp(s)  with  the  objectives  and  requirements  for 
obtaining  SWBM  data  for  statistical  characterization. 

2)  Installing,  calibrating  and  debugging  the  Instrumentation  system  that 
would  collect  and  reduce  the  SWBM  data  in  a  form  appropriate  for  data 
analysis. 

3)  Obtaining  the  SWBM  data  on  the  instrumented  ship(s)  and  analyzing  the 
data  to  determine  preliminary  estimates  of  data  quality  and  quantity 
that  Is  required  for  adequate  characterization. 

4)  Conducting  the  data  analysis  required  to  characterize  the  SWBM 
data.  Data  presentation  should  Include  plots  similar  to  those 
presented  In  this  report  along  with  plots  of  long-term  distributions 
of  SWBM  for  the  respective  ship(s). 

5)  Documenting  the  Instrumentation  system  design,  installation, 
calibration,  operation,  and  data  analysis.  (This  may  be  required  for 
each  of  the  respective  Items  listed  above.) 


TABLE  5-5 


Recommended  Relative  Level  of  Effort  For  Various  Groups 
Involved  in  the  SWBM  Instrumentation  Program 


Program 

Management 

Data 

Acquisition 

Data 

Reduction 

Data 

Analysis 

Ship  Structure  Committee 

30% 

- 

- 

10% 

Naval  Architecture  Firm 

50% 

10% 

20% 

80% 

Instrumentation  Group 

10% 

10% 

40% 

10% 

Ship  Operators  and  Owners 

10% 

80% 

40% 
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The  RFP  would  provide  for  a  CPFF  contract  for  a  three-year  base  period 
with  optional  renewal  years  up  to  a  total  of  five  years.  The  duration  of  the 
program  would  be  evaluated  continuously  as  data  is  obtained.  The  cost 
estimates  would  be  provided  for  one,  two  or  three  vessels  instrumented  due  to 
possible  budget  constraints. 

6.0  CONCLUSIONS  AND  RECOMMENDATIONS 

1.  A  compilation  of  manual  loading  records  will  probably  not  produce  a 
complete  nor  statistically  acceptable  sample  of  SWBM  data.  Previous 
studies  have  reached  the  same  conclusion.  These  records  will  also  not 
show  thermal  and  other  effects  which  should  be  measured  to  obtain  a 
complete  understanding  of  low  frequency  strains. 

2.  Loading  computer  records  will  produce  more  consistent  and  accurate  SWBM 
data  than  manual  loading  records. 

3.  The  direct  measurement  of  SWBM  by  instrumentation  is  difficult  due  to  the 
similar  order  of  magnitude  strains  resulting  from  other  low  frequency 
loads  produced  by  thermal  effects,  ships  wave  train  and  other  undefined 
quantities  and  differences. 

4.  The  most  reasonable  approach  to  obtaining  SWBM  data  appears  to  the 
authors  to  be  to  measure  low  frequency  strains  and  to  compare  them  to 
calculated  SWBM  data.  If  this  comparison  remains  statistically 
acceptable  then  total  low  frequency  strains  could  be  Inferred  for  other 
ships  based  on  the  calculation  of  SWBM. 

5.  The  following  list  of  candidate  ships  is  recommended  In  decreasing 
priority: 

a.  Tankers 

b.  Bulk  carriers 

c.  Barge  carriers 

d.  Contalnershlps 

e.  LNG,  LPG,  chemical  carriers 

6.  A  five-year  program  is  recommended  for  any  one  ship  to  obtain  a 

sufficient  statistical  sample  of  data.  As  many  as  five  ships  should  be 
considered  and  preferably  at  least  three  types  of  ships  should  be 
considered  to  obtain  a  ship  type  distribution. 

7.  We  recommend  that  data  reduction  and  analysis  be  conducted  with  as  little 
delay  as  possible  after  acquisition  and  reduction  to  ensure  adequate  data 
Is  obtained  before  conclusion  of  the  program  and  to  aid  In  determination 
of  the  duration  of  the  program. 

8.  The  recommended  SWBM  calculations  and  Instrumentation  program  Is  modest 

In  scope  compared  to  most  instrumentation  plans.  Effort  was  made  to 

simplify  the  program  to  the  extent  possible.  We  recommend  that  the 

program  remain  as  basic  as  possible.  The  success  of  gathering  valuable 
data  depends  on  well  thought  out  programs  with  achievable,  defined  goals. 
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